Abstract-This paper presents a new method to predict the electrostatic-discharge (ESD) protection robustness of a device with technology-in-computer-aided-design (TCAD) simulations. Tested on different devices and two Smart Power technologies, the results are validated through electrical measurement and failure analysis. Failure current is always predicted with a good accuracy compared to technology spreading. In addition, the methodology provides a significant simulation time speedup compared to classical methods based on a temperature criterion.
I. INTRODUCTION
P REDICTIVE technology in computer aided design (TCAD) has been shown to be a powerful tool for the development of low-voltage CMOS and VLSI memory technology development [1] , [2] as well as for the development of mixed-mode and complex technologies such as the Smart Power ones [3] . There is a strong economical incentive for extrapolative quantitatively accurate TCAD capabilities, even if only possible under some restrictions. For a semiconductor company, performing circuit and system development concurrently with the experimental process development considerably shorten the time to qualification and market of a product.
The qualification of an integrated circuit also includes its electrostatic-discharge (ESD) robustness. In a Smart Power technology, the design of ESD protection structures is quite challenging, since it requires various clamping voltages and current capabilities according to the specifications of each I/O pin. Clamping voltages should be above the power supply one, which on some pins can be higher than 40 V. Moreover, the tough environment of applications such as the automotive one requires a strong ESD robustness (4-to 10-kV HBM), i.e., ESD currents ranging from 2.6 to 6.5 A.
Despite the continuous research efforts in the field of integrated ESD protections, ESD failures are still a major cause of both circuit redesigns and field returns (as high as 30% in A. Gendron and P. Besse are with Freescale Semiconductors, 31023 Toulouse, France (e-mail: pbes01@freescale.com; agen01@freescale.com).
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Digital Object Identifier 10.1109/TDMR.2006.881483 the automotive application). Since about a decade, TCAD tools have been extensively used for the optimization of ESD protection structures. Applying the same predictive methodology to these devices should also have a strong impact on the time to market. To be efficient, it has to be carried out in parallel with the technology development and requires an accurate prediction of the maximum ESD current that the protection can withstand. The success of predictive simulations critically depends upon the quality of the physical models coded in the TCAD tool and their calibration to silicon data. ESD failure is generally a thermal mechanism inducing silicon and interconnection melting or oxide breakdown, which means high local temperatures: 1683 K [4] for silicon or 933 K [4] and 1356 K [4] for aluminum and copper metallization, respectively. During an ESD stress, the local temperature increase within the protection device can be rather high, and many authors [5] , [6] used the rising of the silicon melting temperature as a failure criterion. Unfortunately, the physical models are only valid up to a temperature of 600 K and 800 K for the best cases [7] , making such criterion very questionable.
In this paper, we present a predictive methodology based on TCAD simulation results obtained within the temperature validity range of the physical models. This method allows then, predicting with a good accuracy, the failure current I T2 value under a transmission-line-pulsing (TLP) stress. Instead of using the temperature value as a criterion, temperature related parameters, i.e., impact ionization and thermally generated carriers, are monitored until maximum allowed temperature for the models. Their behavior is extrapolated until their respective current contribution becomes equal: This condition is considered as the initiation of thermal breakdown and is used as the failure criterion. The methodology is validated on two Smart Power technologies with 0.35-and 0.25-µm minimum feature size.
II. DEVICES UNDER TEST

A. First Technology
We first applied the method for I T2 prediction on three different ESD protection devices (device1, device2, and device3) from a junction-isolated Smart Power technology (0.35-µm SMARTMOS technology). Each ESD element results from a standard high-voltage n-p-n bipolar transistor ( Fig. 1 ) that is designed with specific ESD design and used as a grounded-base bipolar ESD protection.
The main layout differences between the three ESD protection structures are the base doping, the spacing between collector and base diffusion (W CB1 and W CBr are equal for the standard n-p-n bipolar transistor), the collector diffusion width W C , and emitter diffusion width W RE , where the latter defines the intrinsic emitter ballast resistor.
B. Second Technology
The second technology is a more advanced Smart Power technology (0.25-µm SMARTMOS technology). Its doping profiles are similar to the previous technology ones, but in this case, isolation between components is obtained through deep oxide trenches (Fig. 2) . Two ESD devices were studied: one n-p-n bipolar transistor (device4: Fig. 2 ) and one p-n diode (device5: Fig. 3) . 
III. METHOD
A. Experimental Failure Criterion
TCAD is widely used in power devices to simulate electrical characteristics such as breakdown voltage (BV) or ON-resistance to optimize performance [8] . Also, it is very useful for ESD protection design to adjust triggering V T1 , I T1 , and holding V H , I H points when the device exhibits a snapback behavior. Fig. 4 shows a typical quasi-static I-V curve from a TLP characterization [9] . However, simulating the failure point V T2 , I T2 is much more difficult.
The experimental determination of this point consists in monitoring the device leakage current between each increasing stress current pulses. When the leakage current is higher than a critical value, the protection is defined as failed. This method cannot be applied on simulation, since a defect creation such as silicon melting or oxide breakdown is not modeled. It is then necessary to develop a novel methodology based on TLP simulation with a new criterion allowing the I T2 failure current value estimation. For this aim, an accurate simulated TLP curve must be obtained compared to an experimental behavior, and it requires a meticulous calibration step.
In the following sections, all simulation results were obtained from TCAD-ISE tools release 7.0 [10] .
B. Calibration 1) Device Profile Definition:
There are two different ways of describing doping profiles for device simulation. The first method uses an analytical distribution, and the other one involves a process simulation.
In this paper, each device is described from a calibrated process simulation to obtain the best accuracy for the doping profiles. For instance and as depicted in Fig. 5 , device1 is defined from a process simulation. Device1 has the same base doping as the original bipolar transistor but does not keep its symmetry. Indeed, the distance W CBl on the left side of the device is reduced (compared to the W CBr distance on the right side) to force the static breakdown to this side. It is localized at the NWELL/PEPI-P + cylindrical junction (Fig. 5 ). As its BV occurs on a lateral junction, an accurate description of the lateral diffusion of the simulated doping profile is required. For the same device, we have also analytically described the doping profile. The lateral extension of the diffusions is then defined by the user who adjusts the value through the choice of a classical lateral-diffusion coefficient from a Gaussian function. In this case, the simulated BV value is different, and it occurs at a different location, namely at the PWELL/N − planar junction. The results of this comparison are summarized in Table I for both the dc BV and the triggering voltage V T1 of the device1 under a TLP stress.
The comparison with electrical measurement data allows concluding that the doping-profile description of this device from the process simulation results in the best accuracy for both BV and V T1 . Moreover, the use of an analytical description of the lateral diffusion results in a wrong BV location and, therefore, a 20% error for the BV simulation. In this case, this means that the optimization of the structure cannot be correctly achieved by using analytical profiles. It is preferable to describe the doping profiles of the studied devices from a calibrated process simulation, which provides a better accuracy for the BV location, its voltage value, and the simulated response characteristic to a TLP stress.
2) Choice of Physical Models: The choice of physical models is important to improve the accuracy of the simulation results. This is not an easy task for two reasons. First, physical models have to be chosen according to physical phenomena occurring within the device during an ESD stress. Second, an additional difficulty is to select the best one among several models describing the same physical phenomenon.
When an ESD protection structure turns ON, two main physical phenomena are involved: avalanche breakdown and snapback effect with parasitic bipolar triggering. It has to be noticed that the second mechanism is associated with high current effects. Indeed, at high current density, in such graded collector bipolar device, the base-collector junction is not located anymore at the metallurgical junction. It is pushed toward a higher doped region, here, the NBL buried layer, where an effective base-collector junction can be defined according to the current level [11] .
To study the impact of the models on the electrical simulation results, we performed simulations on device1 (Fig. 5) . We computed the base-collector BV with emitter and base grounded but also the current gain β.
Concerning the avalanche phenomenon, DESSIS-ISE [10] device simulator proposes a choice of four models for the ionization coefficients. The simulation results are summarized in Table II . Compared with measurement, Overstraeten and Man's [12] model offers the best fitting.
The current gain β is strongly influenced by the choice of physical models and corresponding model parameters, e.g., for mobility, intrinsic density, recombination models, and others. To illustrate their impact, Fig. 6 shows the β simulation results (obtained from Gummel plot) according to the selection of the best set of physical models/parameters in comparison to an example for a poor simulator calibration.
In addition to selecting the "right" model, we also calibrate model's parameters. The lifetime of electrons and holes is the most important parameter to adjust [5] . Indeed, the carrierlifetime parameter is strongly process dependent, thus requiring to calibrate it for each technology under investigation. A bad calibration of physical models/parameters could induce future wrong TLP simulation and, as a result, wrong V T1 or V H values. Therefore, these could lead to an overheating of the studied device and to the prediction of a premature failure. In the device-simulator DESSIS, the following models are chosen.
1) For the effective intrinsic-density calculation, the bandgap narrowing is taken into account by the Slotboom model [13] . 2) PhuMob for mobility model [13] . 3) Van Overstraeten/deMan [12] impact ionization model for the avalanche process.
C. Predictive Methodology for I T2
1) Former Approach: Actually, few people worked on the prediction of the failure current I T2 of an ESD protection device through the TCAD simulation.
In the literature, Esmark [5] is the major author who made investigations on a methodology to predict the failure-current value. This author applies TCAD-ISE tools for all physical two-dimensional (2-D) device simulations. As he observed two different failure modes, he proposed two criteria to extract I T2 value. The first method consists of running successive TLP simulations until thermal second breakdown I T2 occurrence. However, as some devices fail without exhibiting a visible second snapback on measured characteristics, a second criterion based on the temperature value is needed. Therefore, the criteria are summarized by
occurrence of second breakdown} where T crit = 1693 K is the temperature of silicon melting point.
Unfortunately, whatever criterion is used, the temperature in the simulated device reaches a value that is well above the temperature validity of the physical models. As a consequence, the confidence that can be placed in the corresponding simulation results is questionable (Fig. 7) .
We have applied Esmark's criteria to the five ESD protection devices under study. For device1, it resulted in 20% error compared to the measurement (Table III) . This 2-D simulation result was obtained after seven days of computation time using a SUN workstation with a 1-GHz processor. This device is fine meshed with 15 000 grid points, and 24 (I tlp , V tlp ) points were computed to reach the second snapback on the simulated TLP characteristic.
2) Novel Approach: To cope with the temperature limitation of the simulation, we propose an I T2 prediction methodology based on the analysis of simulation results performed within the temperature validity range. The entire paper is only based on 2-D simulations for two major reasons. First, even if threedimensional (3-D) simulations are known as the better way to obtain accurate triggering and holding voltage [5] , they are too CPU time consuming to compute TLP curves. Second, for all the simulated devices elementary ESD design rules, such as ballasting, are applied. Therefore, these devices are assumed to have a uniform current density along the device width in the snapback region, within the model's validity temperature range.
The proposed method first consists of obtaining the most accurate TLP simulation results at low current level. This is achieved through a careful calibration of both the structure description (doping profiles and geometry) and the electrical simulation as described in previous sections.
To simulate TLP stresses, i.e., square stress pulses on a device under test (DUT), transient electrothermal simulations are performed in a mixed-mode configuration, taking account parasitic elements of our experimental TLP bench. A timedependent current source generates the rectangular pulses of 100-ns duration and 2-ns rise time corresponding to the experimental conditions. Next, successive TLP simulations are carried out using the temperature-dependent equation set. For each simulation, we localize the hottest spot in the device where a maximum temperature value T MAX is reached. Simulations are stopped when the temperature in the device reaches 600 K at the end of the TLP current pulse. For each T MAX point (≤ 600 K), the values of both impact ionization G i and Shockley Read Hall recombination rate R SRH are extracted and plotted in the same graph as a function of TLP current I TLP . The evolution of these two parameters is then exponentially extrapolated into the critical temperature regime (> 600 K) until they intersect as demonstrated in Fig. 10 . The I TLP current value at the intersection where R SRH begins to exceed G i is defined as the simulated failure current I T2 . The underlying physics for this I T2 simulation methodology is explained in the following.
Second breakdown has been extensively studied [6] , [14] . The onset of second breakdown is indicated by a voltage decrease resulting from a localized thermal run away induced by a hot spot. The related local power generation induces enough thermally generated carriers to sustain the current instead of the electrically generated ones. In the case of the n-p-n bipolar under study (device1), it means that the thermally generated current I th becomes the dominant component of the base current I b that was initially provided by the avalanche generated current I av [6] . The occurrence of the second breakdown I T2 can then be defined when I th > I av .
The thermally generated current I th is proportional to the intrinsic concentration n i , since it is exponentially temperature dependent. In the same way, the electrically generated current I av is proportional to the concentration n av of generated carriers during the avalanche process.
As a result, a new formulation of the occurrence of second breakdown can be written: n i > n av . Effectively, the temperature in the device locally rises up, the intrinsic concentration n i due to thermal carrier generation increases until it exceeds the carrier concentration generated by an impact ionization. Thus, n i becomes dominant in the current flow. Concurrently, the voltage in the device strongly decreases, and the current crowds into an extremely localized area leading to current filamentation. In turn, the temperature further increases, resulting in the reduction of electrically generated carriers issued from the impact ionization and the increase of thermally generated carriers. This behavior is called a thermal run away or second breakdown. It corresponds to the point where thermal carrier generation exceeds electrical avalanche generation.
The evolution of the SRH recombination rate R SRH can be used to monitor the thermally generated carrier evolution. Indeed, it represents the indirect recombination via deep impurities. R SRH is an image of the carrier density with respect to its equilibrium value. The plasma density in equilibrium is given by the effective intrinsic carrier density n i,eff . The corresponding model of R SRH is described by the following equation:
with n 1 = n i,eff e E trap /kT and p 1 = n i,eff e −E trap /kT . E trap is the difference between the defect level and the intrinsic level.
τ p and τ n are the minority carrier lifetimes and are modeled as
with c = e for electrons or c = h for holes.
τ dop is the doping dependence of the SRH lifetimes modeled with the Scharfetter relation [15] . f and g c are two temperature and electric-field dependent functions, respectively. R SRH is positive when carrier recombination is larger than carrier generation. It becomes negative when thermal generation exceeds recombination. When R SRH is negative, it represents the n i,eff behavior, because n i,eff is a monotonically increasing function of the lattice temperature. As previously stated, the thermally generated current I th is proportional to the intrinsic concentration n i . Therefore, R SRH represents indirectly the thermally generated current I th .
In the same way, impact ionization G i indirectly represents I av since it is proportional to n av .
We can finally reformulate the condition of the secondbreakdown occurrence as R SRH > G i . Fig. 8 . Localization of the temperature maximum in the device1 at low current I TLP . Fig. 9 . Localization of the temperature maximum in the device1 when I TLP increases.
The onset of fatal breakdown can then be tracked by monitoring now the evolution of both impact ionization G i and the SRH recombination rate.
Right after the first snapback and at low current/temperature levels, the carriers are mainly electrically generated through impact ionization at low n i,eff value. As a result, R SRH is negligible compared to G i . Note that, G i carrier generation is always greater than |R SRH | in the temperature range below 600 K (Fig. 10) .
At larger currents, the higher device temperature results in an increase of n i,eff and, consequently, of |R SRH |.
It can be noticed that the |R SRH | can only be extracted from a certain temperature level. Its evolution is fitted by a single exponential function. G i evolution is described by two exponential functions over the temperature range (Fig. 10) , but only the second one is used to apply our methodology.
G i and |R SRH | parameters exponentially increase with the TLP current until the temperature in the device reaches the maximum temperature for physical models validity (600 K). Above this value, the actual evolution of these parameters with regard to the temperature is not known. For our predictive method, we assume that the models keep the same exponential behavior. The simulation computation is stopped at 600 K, and G i and |R SRH | evolution are exponentially extrapolated until they intersect at the point where R > G. The intersection point defines the simulated failure current I T2 .
3) Application to Device1: For this device, we first observe at low current level a one single hot spot localized below the emitter (Fig. 8) .
At a higher current level, a second hot spot occurs in another region under the collector contact (Fig. 9) .
We then chose to apply the methodology to the two hot spots (Figs. 10 and 11) . On both figures, the 600-K model validity limit is indicated. For the hot spot on the collector side, the intersection between G i and |R SRH | occurs for I T2 = 1.52 A (Fig. 8) . The failure occurs much earlier than for the hot spot on the emitter side where the I T2 intersection point is not visible within the range of the graph (Fig. 11) . The predicted I T2 failure current extracted from the hottest spot (collector side) accurately correlates with the measurement, thus indicating that the failure of the device originates in the collector region. To validate this result, we performed a deprocessing of the failed device. It confirmed that the device destruction is initiated at the collector side (Fig. 12) .
4) Justification of Two Hot-Spot Occurrences:
When the current densities become important, we can observe in the area under the emitter (Fig. 13 ) that the maximum electric field, which is initially located in the silicon depth at the PWELL/N − metallurgical junction, is shifted toward the effective junction N − /NBL by Kirk effect [16] . As TLP current increases, an intrinsic zone of carriers occurs into the lowly doped diffusion region: PWELL and N − (Fig. 14) . Electron and hole carrier densities are equal and above the PWELL and N − doping concentrations. The carrier and doping profiles can be observed at the Fig. 14 obFig. 12 . SEM top view of the failure after delayering (device1). tained through along AA cutline (Fig. 13 ). When TLP current increases, the intrinsic zone spreads into the silicon depth where doping concentrations are the lowest. This intrinsic-zone extension is finally stopped by the buried layer doping (NBL), which is highly doped. For this reason and despite additional TLP current increase, the maximum electric field stays located at the effective junction N − /NBL location. As the temperature is maximum at the location of concurrent maximum electric field and current, we can conclude that during TLP stress, the hot spot in the area under the emitter is always pushed toward the silicon-depth direction. The temperature is dissipated through the silicon volume that is more favorable for a best ESD robustness of the device.
As seen in the preview section, a second hot spot occurs for higher TLP current than the first one (Fig. 9 ). This hot spot is located in the area under the collector (BB cutline). Effectively, a high electric field builds up in the NWELL collector diffusion induced by the strongly doping gradient of this latter [17] , [18] . With a TLP current increase, an intrinsic zone of carriers occurs and spreads toward the silicon surface (Fig. 15) . The concurrent high electric field and large current in the collector area results in a local heating. This hot spot follows the maximum electric field and moves toward the silicon surface where temperature is more difficult to dissipate. Compared to the temperature evolution in the area below the emitter, this situation in the collector side is much more likely to evolve into a premature failure of the device. This failure scenario is validated by the failure analysis and confirms the results of the proposed predictive methodology.
5) Results Synthesis for the First Technology Devices:
For the three devices, the comparison between I T2 issued from measurement and I T2 predicted with the simulation from Esmark's criteria and from the proposed predictive method is summarized in Table IV . We can notice for device2 that after a certain current level, there is a computation convergence problem noticed NA. In this case, it was impossible to apply Esmark's criteria because the simulation stopped before the occurrence of the second snapback or the melting-point temperature.
The I T2 value predictions obtained with the novel predictive methodology are more accurate for each studied device.
Another great advantage of our method is the computation time. Effectively, our predictive method can obtain I T2 value twice faster. The reason is that the simulation is stopped quite early before the failure current I T2 of the ESD structure occurs in opposition to Esmark.
A deprocessing was realized on device2 and device3, but the defect was so extent that it was impossible to determine the localization responsible of the failure initiation. We just observe a melted filament between collector and emitter.
6) Application to the Second Technology Devices: To demonstrate the validity and the generalization of the methodology, we applied it to a more advanced 0.25-µm Smart Power technology. Device4 (Fig. 2) is also a vertical n-p-n bipolar transistor used as ESD protection, and device5 (Fig. 3) is a p-n diode. In addition to dimension shrinking, this technology offers new features like deep trench isolation techniques. The doping profiles are also quite similar to the first technology ones.
Device4 is a preliminary design of this device, which was available on a test mask, and ESD robustness has not been optimized yet. For devices of this second technology, simulations were performed with a faster computer (3.6-GHz processor) than for the previous ones. Figs. 16 and 17 show the simulated and measured TLP curves for bipolar transistor and diode, respectively. Up to 600 K, there is a good agreement between measurement and simulation. But for higher temperature, the simulated ON-resistance strongly increases, whereas the measured one keeps its linear behavior. This discrepancy is probably related to the physical model limits.
It has to be noticed that with the classical method, simulations are not able to provide a reliable result for both devices. Device4 simulation luckily provides a good I T2 prediction but exhibits an increase of the ON-resistance that is not seen in the real device. For device5 case, there is no snapback, and the simulator diverges before reaching the silicon melting point. TLP simulations are CPU time consuming. Indeed, each point of the TLP curves requires to run a 100-ns transient electrothermal simulation. The whole I-V curve could be obtained after several computation hours. These results emphasize the efficiency of the new method with respect to simulation time. As we only need the beginning of the TLP curve to predict current failure, the new method is twice faster (Table V) .
IV. CONCLUSION
The conventional method to predict the ESD failure is not reliable, because the chosen failure criterion is a temperature that is outside the temperature validity range of physical models. Even if sometimes the current failure correlates experiment (device3), in many cases, there could be large errors or convergence problems.
The new proposed method always provides a result with an accuracy similar to the conventional method. Another benefit of this method is the simulation speedup with a computing time divided by two.
The proposed methodology is based on performing successive TLP simulations up to 600 K, which is the temperature limit for the validity of the physical models. For the prediction of the failure current, the main steps are the following: 1) localization of the hottest spot in the device for each TLP pulse; 2) extraction of the maximum values of impact ionization G i and SRH recombination R SRH rate at the hot spot for each TLP pulse; 3) exponential extrapolation of G i (I TLP ) and |R SRH | (I TLP ) curves until they intersect: corresponding TLP current value I TLP defined as the failure-current value I T2 . It has to be noticed that the proposed method is aimed at detecting the occurrence of a thermal breakdown into a protection device, which represents the main cause of ESD failures.
